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With the LHC discovery of a 125GeV Higgs-like boson, we study gravitational interaction of
Higgs boson via the unique dimension-4 operator involving Higgs doublet and scalar curvature,
ξH†HR , with nonminimal coupling ξ . This Higgs portal term can be transformed away in Einstein
frame and induces gauge-invariant effective interactions in the Higgs sector. We study the weak
boson scattering in Einstein frame, and explicitly demonstrate the longitudinal-Goldstone boson
equivalence theorem in the presence of ξ coupling. With these, we derive perturbative unitarity
bound on the Higgs gravitational coupling ξ in Einstein frame, which is stronger than that inferred
from the LHC Higgs measurements. We further study ξ-dependent weak boson scattering cross
sections at TeV scale, and propose a new LHC probe of the Higgs-gravity coupling ξ via weak
boson scattering experiments.
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1. Introduction
The Standard Model (SM) of electromagnetic, weak
and strong interactions has been extremely successful.
It has the well established SU(3)c ⊗ SU(2)L ⊗ U(1)Y
gauge structure, and hypothesizes a single Higgs doublet
to generate masses for weak gauge bosons as well as all
three families of quarks, leptons and neutrinos. The re-
cent LHC discovery of a 125GeV Higgs-like boson [1, 2]
appears to provide the last missing piece of the SM. How-
ever, the SM is definitely incomplete for many reasons —
above all, the SM does not contain gravitational force. At
present, the best theory of gravitation is Einstein’s gen-
eral relativity (GR), but is notoriously nonrenormalizable
[3] despite that the gravity itself is still weakly coupled
over vast energy ranges (below Planck mass) and thus
the perturbation should hold well. Given the fact that
all SM particles participate in gravitation, we have to
treat both the SM and GR together as a joint low energy
effective theory below Planck scale.
In the modern effective theory formulation [4], we
study low energy physics by writing down the most gen-
eral operators in the Lagrangian, under perturbative ex-
pansion and consistent with all given symmetries. In-
deed, the SM gives such a general effective Lagrangian up
to dimension-4 operators under the SU(3)c ⊗ SU(2)L ⊗
U(1)Y gauge structure and the known particle content.
On the other hand, the GR of gravitation is described by
Einstein-Hilbert action, containing two leading terms of
a series of operators consistent with general covariance,
SGR = M
2
Pl
∫
d4x
√−g (−Λ + 12R) , (1)
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where Λ denotes the cosmological constant, R is the
Ricci scalar, and MPl = (8πG)
−1/2 ≃ 2.44 × 1018GeV
gives the reduced Planck mass. To complete this series of
operators up to dimension-4, we include two more terms,
∆SGR =
∫
d4x
√−g (c1R2 + c2RµνRµν) . (2)
The other dimension-4 term RµνρσRµνρσ is not inde-
pendent up to integration by parts.
Combining the SM and GR together, one usually re-
quires that the SM particles couple to gravity through
their energy-momentum tensor, so the resultant theory is
consistent with the SM gauge symmetries and the equiv-
alence principle. Practically, this amounts to the replace-
ment ηµν → gµν and ∂µ → ∇µ in the SM Lagrangian,
where ∇µ is the covariant derivative associated with
metric gµν . (For fermions, vierbein and spin connection
will be used.) This gives the so-called minimal couplings
between the SM and gravity.
In light of the recent LHC Higgs discovery, we are
strongly motivated to study gravitational interactions of
Higgs boson because Higgs boson is the origin of iner-
tial mass generation for elementary particles. For this,
there is a unique dimension-4 Higgs portal operator that
should be included in the SM+GR system,
∆SNMC = ξ
∫
d4x
√−g H†HR , (3)
where H denotes the SM Higgs doublet, and the dimen-
sionless parameter ξ is conventionally called the nonmin-
imal coupling which describes Higgs-curvature interac-
tion. This dimension-4 operator respects all symmetries
of the SM and has to be retained in the effective theory
formulation of the SM+GR. Even if we naively set the
nonminimal coupling ξ = 0 at tree-level, it will reap-
pear at loop level [5]. Furthermore, since setting ξ = 0
2does not enhance the symmetry, there is no reason that
ξ would be small. A special choice of ξ = −1/6 will
make the theory conformally invariant, but the confor-
mal symmetry is not respected by the SM Lagrangian,
and in most cases will be further broken by quantum ef-
fects. Hence, such a dimensionless coupling ξ could be
rather large, a priori. This fact has already been put in
use for the Higgs inflation scenario, where ξ ≫ 1 is re-
quired, and the typical input is ξ ∼ 104 [6, 7]. A recent
interesting study by Atkins and Calmet derived a bound
on ξ from the LHC data, |ξ| < 2.6× 1015 [8].
In this work, we study the Higgs gravitational cou-
pling in Einstein frame (Sec. 2), where the original op-
erator (3), as defined in Jordan frame, is transformed
away and induces effective interactions for Higgs sector.
These induced new Higgs interactions modify Higgs cou-
plings with weak gauge bosons and Goldstone bosons.
With this formulation, we analyze the scattering ampli-
tudes of longitudinal weak bosons and Goldstone bosons
in Sec. 3. We give the first demonstration of longitudinal-
Goldstone boson equivalence theorem with nonzero ξ
coupling. Then, we derive perturbative unitarity bound
of ξ in Einstein frame, to leading order of M−2Pl . As we
will show, the bound can be significantly stronger than
the current Higgs search bound [8], due to the quadrati-
cal dependence of the amplitude on the scattering energy.
Furthermore, we study an intriguing scenario of SM+GR
effective theory with a low ultraviolet (UV) cutoff around
O(10TeV), as a natural solution to the hierarchy prob-
lem. With this we make the first proposal to study the
impacts of ξ coupling on TeV-scale weak boson scatter-
ing cross sections and discuss the LHC tests. Our final
conclusion and discussion will be given in Sec. 4.
2. Induced Higgs Portal Interactions for Einstein
Frame
Even though the SM has been impressively consistent
with all the experimental data so far — including the
recent LHC discovery of a Higgs-like particle [1, 2], the
unique dimension-4 Higgs-gravity interaction (3) is an
unambiguous portal to the new physics beyond SM. It
is possible that the effective theory combining the SM
with general relativity (1)-(2) via the Higgs portal (3)
will describe the Universe all the way up to very high
scales (below Planck mass MPl), including inflation as
well (with proper extensions) [6][7]. For the electroweak
gauge and Higgs sectors, we can write this effective the-
ory up to dimension-4 operators, as the following,
S =
∫
d4x
√
−g(J)
[
−M2PlΛ+
(
M2
2 + ξH
†H
)R(J)
− 14 F ajµνF aµνj + (DµH)†(DµH)− V (H)
]
, (4)
where R(J) is the scalar curvature associated with metric
g
(J)
µν , and F
aµν
j (= W
aµν , Bµν) denotes field strengths
of SU(2)L ⊗U(1)Y electroweak gauge fields. The Higgs
doublet H has the potential, V (H) = λ(H†H − 12 v2)2 .
The frame including the ξ-term in (4) is convention-
ally called Jordan frame. Here we have used a super-
script “(J)” for the metric g
(J)
µν and Ricci scalar R(J) .
One can always make a field-dependent Weyl transfor-
mation for the Jordan frame metric g
(J)
µν such that this
ξ-term is transformed away, and the resultant system is
called Einstein frame in which the field equation of gµν
is the standard Einstein equation for GR. The field re-
definition in Einstein frame reads, gµν = Ω
2g
(J)
µν , where
Ω2 = (M2 + 2ξH†H)/M2Pl . For simplicity, hereafter we
will denote all quantities in the Einstein frame without
extra superscripts. From (4) we can identify the Planck
mass, M2Pl =M
2+ξv2 , where v is the Higgs vacuum ex-
pectation value. It shows that the nonminimal coupling
strength ξ is bounded by ξ 6 M2Pl/v
2 ≃ 9.8 × 1031 ,
which is saturated in the limit M = 0 .
Given the above relation between g
(J)
µν and gµν , the
Ricci scalar transforms as follows,
R(J) = Ω2[R− 6gµν∇µ∇ν logΩ
+ 6gµν(∇µ logΩ)(∇ν logΩ)
]
, (5)
where the covariant derivative ∇µ is associated with Ein-
stein frame metric gµν . Thus, the effective action (4)
can be rewritten in Einstein frame,
S =
∫
d4x
√−g
[
− M
2
Pl
Ω4
Λ +
M2Pl
2
R− 1
4
F ajµνF
aµν
j
− 3ξ
Ω2
∇2(H†H) + 9ξ
2
M2PlΩ
4
(∇µ(H†H))2
+
1
Ω2
(DµH)†(DµH)− 1
Ω4
V (H)
]
, (6)
where the fourth term is a total derivative for Ω = 1 ,
and is always suppressed by 1/M2Pl for Ω 6= 1 part. We
note that the form of the gauge field kinetic term does not
change under this field transformation since the Weyl fac-
tor Ω−4 from the determinant of the metric
√−g is com-
pensated by additional two factors of Ω2 from the inverse
metrics in the gauge kinetic term − 14 gµνgρσF ajµρF ajνσ .
Next, we study the longitudinal weak boson scatter-
ing and the Goldstone boson scattering. We explicitly
demonstrate the longitudinal-Goldstone boson equiva-
lence theorem in the presence of nonminimal coupling
ξ . For this purpose, we will derive relevant scalar and
gauge couplings from the action (6). We parameterize the
Higgs doublet as usual, H =
(
π+, 1√
2
(v + h0 + iπ0)
)T
.
Thus, we can expand, Ω2 = 1 + ξM−2Pl
[
2vh0 + (h0)2 +
2π+π−+(π0)2
]
. From now on, we will also set Einstein
frame metric to be flat, gµν = ηµν , since the graviton
contributions from gµν are suppressed by more powers
of 1/M2Pl and thus will not affect our following analysis
of leading ξ terms at O(M−2Pl ) . Then, we derive kinetic
terms for the Higgs field h0 and would-be Goldstone
3fields (π±, π0) ,
Lskin =
1
2
(
1+
6ξ2v2
M2Pl
)
(∂µh
0)2+
1
2
(∂µπ
0)2+ ∂µπ
−∂µπ+.
(7)
Hence, the Higgs field h0 should be renormalized via,
h0 → ζh0 , with ζ ≡ (1 + 6ξ2v2/M2Pl)−1/2 . In con-
sequence [9], the Higgs boson mass is given by, m2h =
2λv2ζ2, and all the SM Higgs couplings should be
rescaled accordingly. Furthermore, under the Weyl trans-
formation the original nonminimal term in (4) has led
to new Higgs couplings in Einstein frame, as shown in
Eq. (6). The first operator in the second line of Eq. (6) is
nontrivial when expanded to O(ξ2/M2Pl) . This and the
other two derivative operators in the second and third
lines of Eq. (6) will give ξ2E2/M2Pl type of contributions
to the scattering processes. Thus, they will become sig-
nificant as the scattering energy E increases. Hence,
for a full treatment of non-minimal coupling in Einstein
frame we will consistently take into account all these in-
teractions. Analyzing the second and third lines of (6),
we systematically present the ξ-dependent couplings up
to the first order in M−2Pl . For scalar derivative interac-
tions, we deduce the Lagrangian ∆Lssint ,
− ξ
2M2Pl
[|∂µ~π|2+ ζ2(∂µh0)2][|~π|2+ ζ2h02+ 2vζh0] (8)
− 3ξ
2
4M2Pl
[|~π|2+ ζ2h02+ 2vζh0]∂2[|~π|2+ ζ2h02+ 2vζh0],
where |~π|2 = 2π+π−+(π0)2 and |∂µ~π|2 = 2∂µπ+∂µπ−+
(∂µπ
0)2 . For Higgs couplings with weak gauge boson
WW/ZZ, we derive the Lagrangian ∆Lhgint ,
(
2m2WW
+
µ W
µ−+m2ZZ
2
µ
)
×
[(
1
v
− ξv
M2Pl
)
ζh0 +
1
2
(
1
v2
− 5ξ
M2Pl
)
ζ2h0
2
]
, (9)
which reduces to the SM couplings in the limit ξ = 0 .
For completeness, we also discuss the fermion sector
in the current formulation. The kinetic term of a Dirac
fermion Ψ in the curved background can be written as,
Sf =
∫
d4x det(eqν)Ψ¯γ
peµp
(
i∂µ− 12 ωµmnσmn
)
Ψ , (10)
where eqν is vierbein, ωµ
mn denotes spin connection,
and σmn =
i
2 [γm, γn] . We define this curved back-
ground in Jordan frame, which connects to Einstein
frame with a flat metric via g
(J)
µν = Ω−2ηµν . Thus,
we deduce the expressions, emµ = Ω
−1δmµ and ωµ
mn =
−Ω−1 (δmµ ∂nΩ− δnµ∂mΩ) . With these, the above kinetic
term (10) becomes,
Sf =
∫
d4x
(
1
Ω3 Ψ¯i/∂Ψ+
3
Ω4 Ψ¯(i/∂Ω)Ψ
)
. (11)
We will comment on the implication of this fermionic
part of action in Sec. 3.
3.Weak Boson Scattering from Higgs-Gravity In-
teractions
It is expected that combining Higgs-curvature coupling
(3) with the SM makes the theory perturbatively non-
renormalizable. This is manifest in the Einstein frame
action (6) via ξ-dependent new higher dimensional oper-
ators involving Higgs doublet. Hence, the high energy
longitudinal weak boson scattering amplitude will ex-
hibit non-canceled E2 behavior from these ξ-dependent
interactions, and thus lead to perturbative unitarity vi-
olation. (Here E is the scattering energy.) From the
derivative scalar couplings in (8), we will show that the
same E2 behavior appears in the corresponding Gold-
stone boson scattering amplitude. Then, we present the
first demonstration of the longitudinal-Goldstone boson
equivalence theorem (ET) [10], in the presence of non-
minimal coupling ξ . This is highly nontrivial because
the ξ-dependent scalar derivative interactions (8) take
very different forms from the new Higgs-gauge boson cou-
plings (9). We will further derive perturbative unitarity
bound on the Higgs-curvature coupling ξ by studying the
scattering amplitudes of both longitudinal weak bosons
and Goldstone bosons.
Let us analyze the scalar scattering amplitudes
among four electrically neutral states |π+π−〉, 1√
2
|π0π0〉,
1√
2
|h0h0〉, and |π0h0〉. At tree level, |π0h0〉 decouples
from the other three states. With systematical compu-
tation based on Lagrangian (8), we derive the leading
scattering amplitudes,
T [π+π−→ π+π−] = 3ξ
2+ ξ
M2Pl
(1 + cos θ)E2 ,
T [π+π−→ π0π0] = 2(3ξ
2+ ξ)
M2Pl
E2 ,
T [π+π−→ h0h0] = 2(3ξ
2+ ξ)
M2Pl
E2 ,
T [π0π0→ π0π0] = O(E0) , (12)
T [π0π0→ h0h0] = 2(3ξ
2+ ξ)
M2Pl
E2 ,
T [h0h0 → h0h0] = O(E0) ,
T [π0h0 → π0h0] = − 3ξ
2+ ξ
M2Pl
(1− cos θ)E2 ,
where E is the center-of-mass energy.
In parallel, we have studied the longitudinal weak bo-
son scattering for |W+LW−L 〉, 1√2 |Z0LZ0L〉,
1√
2
|h0h0〉, and
|Z0Lh0〉. We compute their scattering amplitudes in uni-
tary gauge. For instance, taking the process W+LW
−
L →
Z0LZ
0
L and using (9), we derive the leading high energy
4scattering amplitude in unitary gauge,
T [W+LW−L → Z0LZ0L] =
8(3ξ2+ ξ)
M2Pl
(E2− 2m2W )2
4(E2−m2h)
=
2(3ξ2+ ξ)
M2Pl
E2 +O(E0) . (13)
This equals the Goldstone boson amplitude T [π+π−→
π0π0] in (12) at O(E2) . We have performed systemat-
ical analyses for all other longitudinal weak boson scat-
tering processes and find full agreements to the leading
Goldstone amplitudes (12). These explicitly justify the
validity of the ET in the presence of Higgs-curvature cou-
pling ξ , which was not studied before. This also serves
as a highly nontrivial self-consistency check of our scat-
tering amplitudes (12).
A few comments are in order, concerning the ξ-
dependent leading scattering amplitudes (12). We first
note that the ξ coupling enters our results by two
ways. One is through the Higgs field rescaling factor
ζ = (1 + 6ξ2v2/M2Pl)
−1/2 , and the other arises from
the Weyl factor Ω2 = 1 + ξ(2H†H − v2)/M2Pl . Thus,
at the first nontrivial order of M−2Pl , we have both ξ
2
and ξ contributions to the amplitudes (12). For typi-
cal situations with |ξ| ≫ 1 , the ξ2-terms dominate over
ξ-terms, and will thus control our final perturbative uni-
tarity bound. We can classify such processes into three
categories. The first one is a universal suppression fac-
tor ζ < 1 for each Higgs field in the Higgs boson pro-
duction processes [8]. The second class of ξ2-dependent
processes are the longitudinal weak boson scattering. We
find that the anomalous quartic scalar couplings and cu-
bic Higgs-gauge couplings of (8)-(9) cause non-canceled
ξ2 (and ξ) dependent E2-contributions in the longitudi-
nal and Goldstone boson scattering amplitudes [cf. (12)-
(13)], which can become significant for large scattering
energy E . Hence, the longitudinal WLWL scattering
can provide a sensitive probe of ξ coupling via energy-
enhanced leading contributions of O(ξ2E2/M2Pl) . The
third class of ξ2-involved processes are those containing
the cubic Higgs coupling. As shown in (8), such pro-
cesses will also be enhanced at high energies by the ξ2-
dependent derivative cubic Higgs couplings. The high lu-
minosity runs at LHC (14TeV), the future TeV linear col-
liders (ILC and CLIC) and high energy circular pp collid-
ers (TLEP and SPPC) will further probe such anomalous
cubic Higgs couplings. Finally, the O(ξ/M2Pl) couplings
arise from the Weyl factor Ω . This includes bosonic
and fermionic couplings of the Higgs boson, as shown in
(8)-(9) and (11). But they are negligible relative to the
leading couplings of O(ξ2/M2Pl) for ξ ≫ 1 . We also
note that the graviton-exchanges in Einstein frame will
contribute to the scattering amplitudes at O(E2/M2Pl) ,
but they are ξ-independent and negligible as compared
to the leading O(ξ2E2/M2Pl) terms for ξ ≫ 1 .
From Eq. (12), we compute the partial wave scattering
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FIG. 1. Perturbative unitarity bound on Higgs-gravity cou-
pling ξ as a function of WW scattering energy E . The
shaded region violates perturbative unitarity. To compare
with our bound at each given E [13], the black dashed line
depicts a limit |ξ| < 2.7×1015 (3σ) derived from current LHC
Higgs data [2], based on [8].
amplitude for the Goldstone bosons and Higgs boson,
aℓ(E) =
1
32π
∫ 1
−1
d cos θ Pℓ(cos θ)T (E, θ) . (14)
In our case, the partial wave amplitudes form a 4×4 ma-
trix among the four states |π+π−〉, 1√
2
|π0π0〉, 1√
2
|h0h0〉,
and |π0h0〉 . Thus, for ℓ = 0 , we derive the following
matrix of leading s-wave amplitudes,
a0(E) =
(3ξ2+ ξ)E2
16πM2Pl


1
√
2
√
2 0√
2 0 1 0√
2 1 0 0
0 0 0 −1

, (15)
whose eigenvalues are,
adiag0 (E) =
(3ξ2+ ξ)E2
16πM2Pl
diag (3, −1, −1, −1) . (16)
Then, we impose the partial wave unitarity condition,
|Re a0| < 1/2 , on the maximal eigenvalue of the ma-
trix (16). From this, we infer the perturbative unitarity
bound [11] on the Higgs-curvature coupling ξ ,
− 16
[
(C20 + 1)
1
2 + 1
]
< ξ < 16
[
(C20 + 1)
1
2 − 1], (17)
where C0 ≡
√
32πMPl/E .
In the present effective theory formulation, we have
Planck mass MPl serve as the natural ultraviolet (UV)
cutoff on the scattering energy, E < MPl . Thus, the
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FIG. 2. Weak boson scattering cross section as a function of c.m. energy E . We present W+LW
−
L → Z0LZ0L in plot-(a) and
W±LW
±
L → W±LW±L in plot-(b). In each plot, the (red, blue, black) curves depict our predictions of ξ = (2 ×1015, 1015, 0),
respectively. The black curve of ξ = 0 is the pure SM expectation. We have input Higgs boson mass mh = 125GeV. The
shaded light-blue area shows the perturbative unitarity violation region.
inequality C20 > 32π ≃ 100.5 ≫ 1 holds well. Hence,
to good approximation, the above unitarity bound (17)
reduces to the following,
|ξ| < C0
6
=
√
8π
3
MPl
E
. (18)
In Fig. 1, we present the perturbative unitarity bound
of ξ as a function of scattering energy E, up to E =
1018GeV , which is still significantly below the Planck
scale MPl ≃ 2.44 × 1018GeV. We have checked both
unitarity conditions (17) and (18), and find no visible
difference shown in the logarithmic plot of Fig. 1. We
see that our perturbative unitarity bound puts highly
nontrivial constraints on ξ . For the effective theory
of SM+GR with Planck mass MPl as the natural UV
cutoff, the weak boson scattering energy can reach up
to E = 1017−18GeV, and thus our perturbative uni-
tarity bound requires, ξ . O(10− 1) . We also note
that Atkins and Calmet [8] recently derived an interest-
ing bound on ξ from the 2012 LHC data [1]. Combining
ATLAS and CMS new data in this spring [2] gives the
Higgs signal strength, µˆ = 1.00 ± 0.10 [12]. Thus, we
have a refined 3σ upper limit, |ξ| < 2.7 × 1015 . For
comparison, we depict this bound in Fig. 1 by the dashed
line [13]. It shows that once the scattering energy E
exceeds O(TeV) , the perturbative unitarity bound be-
comes much more stringent.
If Nature has chosen a much lower UV cutoff for the
effective theory of SM+GR, then a much larger ξ will
be allowed. A very intriguing case is that UV cutoff
lies at the TeV scale, say, ΛUV = O(10TeV) . Thus,
the coupling ξ can reach ξ = O(1014−15) . As a nice
theory motivation for this case, it gives a conceptu-
ally simple solution to the hierarchy problem and makes
the SM Higgs sector natural up to the UV cutoff [14],
ΛUV = O(10TeV) . This further opens up an exciting
possibility that the LHC (14TeV) and its future upgrades
can effectively probe such Higgs-gravity interactions via
weak boson scattering experiments.
Let us study this intriguing effective theory of TeV
scale quantum gravity with ΛUV = O(10TeV) . It
is well-known that weak boson scattering experiments
serve as a key task of LHC for probing new physics of
electroweak symmetry breaking and Higgs mechanism
[15]. Hence, we analyze weak boson scattering cross sec-
tions, and consider two typical processes, W+LW
−
L →
Z0LZ
0
L and W
±
L W
±
L →W±L W±L , over the energy regime
(< ΛUV ) to be probed by the LHC (14TeV). In this
case, Fig. 1 shows that ξ can be fairly large and reach
ξ = O(1015) . In Fig. 2, we demonstrate WW scattering
cross sections for two sample inputs, ξ = (2×1015, 1015) ,
as compared to the pure SM result of ξ = 0 [16]. In ad-
dition, we impose perturbative unitarity bound on scat-
tering cross section, σ < 4πρe/E
2 [17], as denoted by
the shaded light-blue region in each plot. (Here ρe is
identical particle factor for final state as defined in [17].)
As a remark, we clarify that there is no preferred natural
values of ξ from theory side. Although the dimensionless
coupling ξ can have a large value, it appears in the in-
teraction vertices always in association with the suppres-
sion factor v2/M2Pl or E
2/M2Pl, as shown in Eqs. (8)-(9).
Hence, it is fine to have a large ξ as long as it holds the
perturbative expansion (shown in Fig. 1).
From Fig. 2(a)-(b), we see that the predicted WW
scattering cross sections with sample inputs of ξ =
2×1015, 1015 exhibit different behaviors and give sizable
excesses above the pure SM expectations (ξ = 0). Such
non-resonance behaviors are universal and are expected to
show up in all WW scattering channels [18][19], unlike
the conventional new physics models of electroweak sym-
metry breaking [15][20]. These distinctive features can
be discriminated by the upcoming LHC runs at 14TeV
6with higher luminosity.
4.Conclusion and Discussion
The world is shaped by gravitation at the macroscopic
and cosmological scales, while the gravitational force will
also play key role at the smallest Planck scale. Then,
what happens in between? With the LHC discovery of
a 125GeV Higgs-like boson [1, 2], we are strongly moti-
vated to explore gravitational interactions of the Higgs
boson in connection to the mechanism of electroweak
symmetry breaking and the origin of inertial mass gen-
eration for elementary particles.
In this work, we studied Higgs-gravity interaction
via the unique dimension-4 operator (3) with nonmini-
mal coupling ξ , which serves as an unambiguous por-
tal to the new physics beyond SM. In Sec. 2, we fo-
cused on its formulation in Einstein frame where this
Higgs-curvature operator is transformed into a set of ξ-
dependent new Higgs interactions (6). We derived the ξ-
induced Higgs/Goldstone self-interactions in Eq. (8) and
the Higgs-gauge interactions in Eq. (9).
Then, in Sec. 3 we systematically analyzed longitudi-
nal weak boson scattering and the corresponding Gold-
stone boson scattering. We demonstrated, for the first
time, the longitudinal-Goldstone boson equivalence the-
orem in the presence of Higgs-curvature coupling ξ . We
performed a coupled channel analysis of WW scattering
in Einstein frame and derived new perturbative unitar-
ity bound on ξ as in Fig. 1. We revealed that for the
SM+GR system with Planck mass MPl as its natural
UV cutoff, the weak boson scattering energy can reach
E = 1017−18GeV (< MPl ). In this case, the validity of
perturbative unitarity requires, ξ . O(10− 1) . We fur-
ther studied the intriguing scenario for the SM+GR ef-
fective theory with UV cutoff around ΛUV = O(10TeV) .
Thus, the ξ coupling can reach ξ = O(1015) . This pro-
vides a conceptually simple resolution to the hierarchy
problem and makes the SM Higgs sector natural up to
O(10TeV) . In Fig. 2, we predicted, for the first time,
WW scattering cross sections with such ξ couplings,
over the TeV scale. These exhibit different behaviors
from the pure SM result (ξ = 0), and they will be dis-
criminated at the LHC (14TeV) with higher integrated
luminosity. The future TeV linear colliders (ILC and
CLIC) and the future high energy circular pp colliders
(TLEP and SPPC) will further probe the ξ coupling via
WW scattering experiments.
As a final remark, we note that Ref. [21] studied lin-
earized gravity in Jordan frame, and calculated scattering
amplitudes of graviton exchange for external particles be-
ing spin-(0, 1/2, 1). It considered a nonminimal coupling
term ξRφ2, with scalar φ having no vacuum expectation
value. It obtained a unitarity bound in the form [21],
|ξ| < O(MPl/E) , which has similar structure to our
(17)-(18). But our independent analysis for the realistic
SM Higgs doublet in Einstein frame is highly nontrivial,
where the nonminimal ξ-term (3) is transformed away
and the resultant ξ-dependent new interactions (8)-(9)
do not explicitly invoke gravitons. Thus, we can com-
pute the longitudinal/Goldstone scattering amplitudes
more easily, and extract ξ-dependent terms in a straight-
forward way. Another advantage is that Einstein frame
has canonically normalized graviton field, and the tree-
level Lagrangian manifestly preserves equivalence princi-
ple. Einstein frame has also been widely used, includ-
ing various models of Higgs inflation [6, 7]. We note
that the unitarity issue of nonminimal coupling was dis-
cussed in Einstein frame for the purpose of Higgs inflation
models before [7], but those discussions are mainly power
counting arguments or qualitative estimates with rather
different focus and context. Our current work presents
systematical and quantitative unitarity analysis of Higgs-
curvature interaction in Einstein frame, with physical ap-
plications to the weak boson scattering at TeV scale and
in light of the exciting LHC Higgs discovery [1, 2]. Espe-
cially, we newly demonstrate that the LHC can probe ξ
coupling via weak boson scattering experiments.
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